ABSTRACT: This paper addresses the question of whether one can use lanthanide nanoparticles (e.g., NaHoF 4 ) to detect surface biomarkers expressed at low levels by mass cytometry. To avoid many of the complications of experiments on live or fixed cells, we carried out proof-of-concept experiments using aqueous microgels with a diameter on the order of 700 nm as a proxy for cells. These microgels were used to test whether nanoparticle (NP) reagents would allow the detection of as few as 100 proteins per "cell" in cellby-cell assays. Streptavidin (SAv), which served as the model biomarker, was attached to the microgel in two different ways. Covalent coupling to surface carboxyls of the microgel led to large numbers (>10 4 ) of proteins per microgel, whereas biotinylation of the microgel followed by exposure to SAv led to much smaller numbers of SAv per microgel. Using mass cytometry, we compared two biotin-containing reagents, which recognized and bound to the SAvs on the microgel. One was a metal chelating polymer (MCP), a biotin end-capped polyaspartamide containing 50 Tb 3+ ions per probe. The other was a biotinylated NaHoF 4 NP containing 15 000 Ho atoms per probe. Nonspecific binding was determined with bovine serum albumin (BSA) conjugated microgels. The MCP was effective at detecting and quantifying SAvs on the microgel with covalently bound SAv (20 000 SAvs per microgel) but was unable to give a meaningful signal above that of the BSA-coated microgel for the samples with low levels of SAv. Here the NP reagent gave a signal 2 orders of magnitude stronger than that of the MCP and allowed detection of NPs ranging from 100 to 500 per microgel. Sensitivity was limited by the level of nonspecific adsorption. This proof of concept experiment demonstrates the enhanced sensitivity possible with NP reagents in cell-by-cell assays by mass cytometry.
■ INTRODUCTION
One of the goals of modern bioanalytical chemistry is the simultaneous (multiplexed) detection of multiple biomarkers in individual cells. Biomarkers are defined as characteristic proteins, genes, or small molecules that can be measured and evaluated as indicators of normal biological or pathogenic processes. 1 In flow cytometry, bioaffinity agents are labeled with fluorescent dyes or quantum dots (QDs) to allow rapid cell-by-cell analysis of multiple biomarkers. One of the limitations of flow cytometry is the breadth of the emission bands of the luminescent species used as antibody (Ab) labels. The spillover of overlapping emissions requires compensation and restricts the number of species that can be detected simultaneously for each cell. The Roederer group has shown that 18-color flow cytometry is possible, 2 but this level of multiplexing is not routine.
Mass cytometry is a new technique designed to address the challenges of polychromatic flow cytometry by replacing fluorophores with stable heavy metal isotopes as Ab tags. 3 In this technique, cells are introduced individually but stochastically into the plasma torch of an inductively coupled plasma mass spectrometer (ICP-MS) equipped with time-of-flight detection. Each Ab is labeled with a specific metal isotope, and the multiplexing capability comes from instrument's ability to resolve metal ions that differ in mass by a single atomic mass unit. To achieve a signal strong enough for detection by ICP-MS, Abs have to be labeled with multiple copies of a metal isotope. This has been accomplished with metal-chelating polymers (MCPs) with 30−80 pendant chelating groups and appropriate end group functionality. 4−6 Abs labeled with these polymers typically carry 150−250 metal atoms per Ab. 6 Ln ions are attractive for mass cytometry because of their low natural abundance, similar chemistry, and the availability of isotopically enriched samples.
The strength of mass cytometry is the multiparameter capability. 7 For example, the Nolan group examined regulatory cell signaling behavior across hematopoietic cells using two 34-parameter panels that included 31 antibody targets, a DNA intercalator, and measures of viability and cell size. 8 Newell et al. 9 reported a 37-parameter study of virus-specific T cell function and phenotype, and a more recent paper described Tcell experiments with 109 multiplexed tetramers plus 23 antibody channels. 10 Sample throughput can be further enhanced with mass-tag cellular barcoding, analogous to fluorescent cell barcoding. 11 On the other hand, mass cytometry lacks sensitivity compared to fluorescence detection. Cellular protein expression levels range from a few copies to 10 7 copies per cell, 12 and many important proteins, such as cytokine receptors, are expressed at levels too low to detect easily, even by fluorescence. 13 While there are no publications describing the lower limits of biomarker detection by mass cytometry, a recent paper reported experiments using an MCP reagent to generate ca. 200 metal ions per Ab. The authors could detect and quantify target biomarkers with abundances in the range of 10 4 −10 7 per cell. 6 The goal of this work is to demonstrate that by using NaLnF 4 nanoparticle reagents 7 in the place of MCPs, it will be possible to detect much smaller numbers of a particular biomarker per cell than is possible with MCP reagents. 14 Signal strength for ICP-MS increases linearly with the number of metal ions of a particular isotope. Thus, if one could attach 10 000 metal atoms per antibody, one might be able to increase the sensitivity by a factor of 500 and detect as few as 100 copies of a particular biomarker per cell. Many types of NPs with a 10 nm diameter (the dimensions of an IgG antibody) contain on the order of 8000−10 000 metal atoms.
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QDs containing Cd, Se, and Te can be detected by mass cytometry but are not large enough to be provide a substantial gains in signal. 16 The most attractive candidates for mass cytometry are NPs related to Ln-doped NaYF 4 , which are being developed for optical up-conversion 17 and NaGdF 4 , 18 which are being developed as magnetic resonance imaging contrast agents.
While the characteristics of a NP are determined by the composition of its core, the coating plays an essential role in bioanalytical applications. The coating must provide colloidal stability in aqueous media, prevent aggregation, provide functional groups for bioconjugation, and suppress nonspecific adsorption. Satisfying all of these criteria is a daunting task. Not only is the in vitro and in vivo performance of nanoparticles dependent on the size, charge, hydrophilicity, and flexibility of the coating molecules, but the number, density, and type of reactive functionality on the NP surface regulate the interactions between nanoparticles and their targets. 19 In addition, there is the difficulty of separating Ab-NP conjugates from excess NPs used in the conjugation reaction. 20 Finally, there is the ubiquitous problem of nonspecific interactions. For a reagent to be useful in a targeted assay, it not only has to recognize the target biomarker on a cell, but the corresponding signal from the reagent on cells lacking the biomarker has to be sufficiently small. QDs represent the most widely studied nanocrystals for target applications, particularly for polychromatic flow cytometry. They provide a dramatic increase in the number of parameters that can be measured simultaneously. In their 2006 Nature Medicine paper describing development of the 17-color flow cytometry assay, Chattopadhyay et al. 21 discussed the complications of nonspecific binding with the QD reagents that they use to extend the color range of their assay. They found that nonspecific binding was largely overcome by coating the quantum dot shells with poly(ethylene glycol) (PEG), allowing them to overcome a crucial hurdle in the development of these reagents for immunophenotyping. Although one imagines that these commercial samples have been optimized to minimize nonspecific adsorption, reports continue to appear in the literature in which nonspecific adsorption of QDs is a problem. 22, 23 A recent paper 19 on the use of a solvent exchange protocol to coat hydrophobic NPs with a PEG-containing phospholipid provides an interesting perspective on these problems. The authors used 1,2-distearoylphosphatidylethanolamine− methylpoly(ethylene glycol) with a PEG chain of M = 2000 (DSPE-mPEG) to coat two sizes (d = 6.5 and 17 nm) of iron oxide NPs (IONPs) as well as two samples of CdSe/ZnS QDs. The IONPs were synthesized with a surface coating of oleic acid, and the CdSe/ZnS QDs had a surface coating of trioctylphosphine oxide (TOPO). By mixing the DSPE-mPEG with corresponding PEG analogues containing a terminal amino group, a terminal −COOH group, or a terminal maleimide, the authors were able to control the surface coverage of the IONPs with PEG ligands and the density of reactive functionality per NP. In addition, the authors were able to conjugate the 17 nm IONPs with anti-mouse IgGs through thiol maleimide chemistry and also to attach a goat anti-human folate receptor-1 Ab to these NPs. ELISA experiments with the former and in vitro experiments with the latter demonstrated high target recognition efficiency and low nonspecific binding. While these results are impressive and hold promise for the future of this coating protocol, the authors comment in the Supporting Information that when they applied this approach to QDs, the coating efficiency varied significantly among different batches of QDs that they purchased. In the current state of the art, it is clear that we have much to learn about how to optimize the surface coatings for different types of NPs and that the approach to finding the optimal surface coating may vary with the nature of the core of the nanoparticle.
While there have been important advances in the past several years in the synthesis of lanthanide nanoparticles, 24−26 control over surface chemistry is less well advanced than for QDs or iron oxide NPs. Several strategies have been examined with good success to provide colloidal stability in aqueous media in the presence of phosphate buffer or serum proteins. These include flash nanoprecipitation, 27 ligand exchange with PEG bidentate 28 or tetradentate phosphonates, 29 and encapsulation with amphiphilic polymers. 30 These technologies have not yet advanced to the point where meaningful mass cytometry experiments have been carried out with lanthanide NPs labeled with Abs.
Our goal in this paper is to assess the enhancement in sensitivity above background that nanoparticle reagents can provide for detection of biomarkers by mass cytometry. We want to ask the question, can one detect as few as 100 protein molecules per cell? In order to sidestep many of the problems of reagents that have to function in the complex environment of cell suspensions, we have chosen to create "model cells" consisting of microgels of uniform size. These cross-linked carboxylated microgels consist of a copolymer of Nisopropylacrylamide (NIPAm), N-vinylcaprolactam (VCL), and 27 mol % methacrylic acid (MAA). We employ streptavidin (SAv) as a model biomarker. The choice of SAv as a model biomarker enables us to use biotinylated reagents to detect the SAv entities on the model "cell" surface. In this way, we can compare the mass cytometry signal of metal-chelating polymers with a biotin end group and ca. 50 metal ions per polymer as a mass cytometry reagent with biotinylated NaHoF 4 NPs with a core diameter d = 12.9 nm, containing ca. 15 000 Ho atoms per NP. In mass cytometry experiments with cell suspensions, the cells are fixed, permeabilized, and then stained with an iridium intercalator. 31 Each cell entering the plasma creates an ion cloud generating signals for 191 Ir and 193 Ir, which the instrument recognizes as the signature of a cell event. For our model cells, the microgels (MGs) are loaded with ca. 10 7 TmF 3 /MG. In analogy with experiments on cell suspensions, the mass cytometer recognizes a strong 169 Tm signal as the signature of a "cell" event.
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These experiments are enabled by a lucky happenstance. While it is straightforward to conjugate proteins such as SAv to the surface of microgels using typical peptide coupling agents, this approach leads to covalent attachment of ca. 10 4 SAv/MG. It is difficult to attach only small numbers of proteins, on the order of 100−500 SAv, to the microgels. When we reacted the microgels with biotin, to be used in a sandwich assay, the reaction could be carried out to only low conversion. At higher conversion, the microgels precipitated. In this way, we obtained three samples of microgels containing small but different numbers of biotins per microgels. These are the samples that permit us to examine whether we can detect as few as 100 SAvs per microgel.
■ RESULTS AND DISCUSSION
The idea of using microgels as model cells is not new. The basic idea is to design a microgel that mimics one or more properties of a cell while avoiding the complications of working with intact cells. In one example, artificial biotinylated alginate microgels with cell-like surface chemistry were studied to model cell flow behavior and adhesion properties when they were passing through avidin-modified constrictions. 32 In another study, extremely deformable triethylene glycol acrylate/2-carboxylethyl acrylate copolymer microgels exhibited cell mimicking properties of passive hemoglobin diffusion throughout the particles. 33 Recently, the Shea group 34 reported synthetic polymer hydrogels (50−65 nm in diameter) that have the remarkable ability to recognize the Fc fragment of IgGs and bind to them with high affinity.
The experiments described here employ microgels (MGs) synthesized by the precipitation copolymerization of NIPAm, VCL, MAA, and the cross-linker methylenebisacrylamide in a mole ratio of 56:14:27:3 identical to the sample V27 reported in ref 35 . The −COOH groups, largely localized in the core of the MG, 36, 37 were neutralized with 1 equiv of NaOH, ion exchanged with Tm 3+ , and then TmF 3 was precipitated in the core of the micelle by the addition of NaF. We refer to these particles as MG(Tm). They were characterized for particle size by DLS (d h = 700 nm, in PBS buffer at pH 7.4) and transmission electron microscopy (TEM, d TEM = 350 ± 20 nm, Figure 1A ) and by mass cytometry to determine a mean Tm content (1.1 × 10 7 Tm atoms per microgel). This protocol is identical to that described for the preparation of EuF 3 -containing MGs of sample V27 described in ref 35 , where we demonstrated that the Ln ion content of the MGs saturated at 1 Ln 3+ ion for every 3 −COOH groups. From these results, we infer that our sample contains an average of 3.3 × 10 7 −COOH groups per microgel. We used this value to calculate microgel concentrations in units of microgels/mL.
Attachment of SAv to the Microgels. SAv was chosen as the model biomarker to allow us to take advantage of the strong biotin−streptavidin interaction (K d ∼ 10 −14 M) 38 in our probe design. We used two approaches to attach SAv to the microgels. Details are provided in the Supporting Information. In the first approach, we activated the carboxylic acids with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) to attach SAv covalently to the microgels, presumably by coupling to lysine amino groups. This led to a high SAv content per microgel. We refer to these samples as SAv-MG(Tm). As a control, we used similar chemistry to attach BSA to these microgels (BSA-MG(Tm)). These reactions were quenched by adding excess 6-aminocaproic acid (6-ACA) to block unreacted activated carboxylic acid groups.
In the transmission electron microscopy (TEM) image in Figure 1A , the MG(Tm) microgels show a dense core associated with the presence of TmF 3 NPs surrounded by a diffuse corona. The BSA-MG(Tm) microgels ( Figure 1B ) and SAv-MG(Tm) microgels ( Figure 1C ) show more compact structures, which are rather different in appearance, with the SAv-MG(Tm) structures appearing to be more dense and more compact than either the BSA-MG(Tm) or MG(Tm) microgels. Dynamic light scattering (DLS) measurements indicated a small contraction in the hydrodynamic diameters of the modified microgels compared to MG(Tm) [d h (BSA-MG(Tm)) = 640 nm; d h (SAv-MG(Tm)) = 640 nm; d h (MG(Tm)) = 700 nm]. These values imply a more significant contraction of the microgel host, since attachment of protein molecules to the surface should add to the diameter of the overall objects. In the cartoons accompanying the TEM images in Figure 1 , we attempt to depict the shape of the protein molecules, recognizing that the drawing is not to scale. The BSA protein is a prolate ellipsoid, 14 × 4 nm. 39 SAv is approximately spherical (d ≈ 7 nm). 40 We depict it as a square to emphasize that it can bind four biotin moieties. In a second approach, we attached biotin covalently to the microgel using DMTMM as a coupling agent and (+)-biotinyl-3,6-dioxaoctanediamine (Bi-NH 2 ) as the biotin source. The attachment yields were low, with only 5−10% of the added Bi-NH 2 consumed in the reaction. Attempts to attach larger amounts of biotin led to precipitation of the microgels. Three samples [Bi-MG(Tm)-1, -2, and -3; see Table S1 ] were obtained with different levels of biotin attached. To attach SAv to these microgels, they were first treated with a solution of BSA (1 wt % in PBS buffer) to saturate sites of nonspecific protein adsorption, followed, after washing, by a solution of SAv (1 wt % in PBS buffer). In these three SAv-Bi-MG(Tm) samples, we anticipate that the SAv molecules are confined to the MG surface. While we estimate that the microgels contain on average ca. 10 5 biotin moieties, many of these may be buried in the interior of the microgel.
Reagents for Biotin−Streptavidin Coupling Bioassays. In current mass cytometry immunoassays, cell suspensions are treated with a cocktail of antibodies, each covalently labeled with metal chelating polymers (MCPs). In our model system, SAv serves as the model biomarker; thus, we need an MCP with biotin end-functionality as the recognition element. As an MCP, we employ a biotin-end-capped polyaspartamide synthesized as described previously, 41 with diethylenetriaminepentaacetic acid (DTPA) groups attached to each of its 50 pendant groups. Details are provided in the Supporting Information. This probe, labeled with ca. 50 Tb 3+ ions/ polymer, is denoted Bi-PAsp(Tb) 50 . In Figure S8 , we show a TEM image that confirms the ability of this polymer to bind to SAv-MG(Tm) microgels.
As a higher sensitivity probe, we introduce biotinylated NaHoF 4 nanoparticles (NPs). The NPs themselves, with oleic acid as surface ligands, were synthesized as described by Qian and Zhang, 25 subjected to ozonolysis −78°C in hexane followed by oxidation with H 2 O 2 as described by Yan and coworkers, 42 to obtain an aqueous dispersion of NPs. These were then biotinylated with Bi-NH 2 using DMTMM as a coupling agent. Details are provided in the Supporting Information, and a dark field TEM image of these biotinylated NPs (Bi-NaHoF 4 ) is presented in Figure 2A . By TEM, these NPs have a mean diameter of 12.9 nm and contain ca. 15 000 Ho atoms per NP.
The size of the NPs in solution is important because its steric hindrance determines how many NPs can bind to each SAv on the microgel surface. By DLS at 90° (Figure S3 ), we determined a hydrodynamic radius in water of 14 nm.
As a test of binding, we used TEM to examine one sample [Bi-MG(Tm)-1] of biotinylated microgel. This microgel sample treated successively with BSA, then SAv, and finally with BiNaHoF 4 (i.e., SAv-Bi-MG(Tm)-Bi-NaHoF 4 ) shows a rough surface morphology (due to the presence of Bi-NaHoF 4 NPs) with an average TEM diameter of 350 nm ( Figure 2B ). The EDX line scan of the two microgels in Figure 3 shows the coexistence of Tm from the microgel and Ho from the BiNaHoF 4 NP probe, confirming the formation of NP-biotinSAv-biotin complexes on the microgels.
Biotin−Streptavidin Coupling Bioassays. The remainder of the paper examines the sensitivity of the reagents described above for detecting and quantifying the number of SAv, as a model biomarker, per microgel, as a model cell. The design of biotin−streptavidin coupling bioassays for the MCP reagent is shown in Scheme 1. We first incubated a sample of SAv-MG(Tm) microgels (covalently bound streptavidin) for 30 min with different amounts of Bi-PAsp(Tb) 50 . Excess MCP was removed from the assembly by centrifugation and resuspension. As a negative control, we incubated samples of the BSA-coated microgel (BSA-MG(Tm)) with same amounts of Bi-PAsp-(Tb) 50 . Since there is no specific interaction between BSA and biotin, any Tb signal detected from this sample would be due to nonspecific interaction between the Bi-PAsp(Tb) 50 and the microgel. As a background blank, we examined the SAv-MG(Tm) without treatment with the biotinylated MCP.
Samples of SAv-MG(Tm) in PBS buffer were treated with increasing amounts of Bi-PAsp(Tb) 50 . The mass cytometry data for this titration, presented in Figure 4 , show both isotopic Tb− Tm dot−dot plots for the distribution of 159 Tb and 169 Tm signals (top row) and histograms of their relative abundance as 50 . In these experiments, SAv was covalently linked to the microgels. SAv-MG(Tm) (100 μL, containing ca. 2.5 × 10 9 microgels in total) was incubated with different amounts of Bi-PAsp(Tb) 50 solution (3.3 μmol/L: S1, 20 μL; S2, 40 μL; S3 60 μL; S4 80 μL). Data collection was gated to exclude "cell" debris and "cell" aggregates. At least 10 000 microgels were analyzed per sample. abundance as characterized by the isotope intensities. While the 169 Tm signals were strong, the Tb signals were weak, with r = 0.15−0.20, indicating that the Tb signals we detect were not strongly associated with the Tm signals of the microgels. As a blank, we examined SAv-MG(Tm) itself in the absence of any intentionally added source of Tb. Again, the Tm signal was strong, but the Tb signal was very weak with r < 0.02. Since no specific interaction is expected between the polymer the BSAcoated microgel, the differences between the Tb signals for the control and blank samples are a measure of nonspecific interaction of the MCP with the BSA-coated microgel.
Histograms describing the numbers of Tm and Tb atoms per microgel calculated from these experiments are presented in Figure 6 . Titration of the SAv-MG(Tm) solutions with increasing amounts of Bi-PAsp(Tb) 50 led to a saturation level of 4 × 10 6 Tb atoms per microgel. In the negative control experiments with BSA-MG(Tm), the Tb numbers were much smaller, corresponding to a nonspecific binding signal of 4−6%. For comparison, the SAv-MG(Tm) microgels that serve as a blank show a background signal corresponding to ca. 3 × 10 4 Tb atoms per microgel (i.e., ca. 1% of background contamination). Figure 6B (lower panel) shows that all of the samples exhibited a similar Tm intensity, corresponding to 1.1 × 10 7 Tm atoms per cell, with a typical CV of ca. 30%. To estimate the number of SAv biomarkers per cell, we have to make some assumptions about the interaction between the SAvs on the microgel surface and the biotinylated MCP. Each Bi-PAsp(Tb) 50 carries an average of 50 Tb ions. Streptavidin has four binding sites. If we assume that each SAv binds to four biotin-end-capped polymers, then each SAv would carry 200 Tb ions at saturation. Since at saturation, the microgels contain ca. 4.0 × 10 6 Tb atoms per microgel, then on average each microgel carries 20 000 SAv biomarkers. This is a reasonable number and may be an underestimate due to the inaccessibility of some biotin binding sites. A geometric model shows that a sphere with a radius of 320 nm (the size of the SAv-coated microgels) can accommodate a layer of 3.0 × 10 4 close-packed spheres with d = 7 nm (the size of a SAv molecule). To the extent that the assumptions made above are correct, our streptavidin-coated microgels have a surface packing density of 67%.
Biotin−SAv−Biotin Sandwich Assays. A second set of assays employed biotinylated microgels. As described above, we were limited in the amount of biotin that we could attach covalently to the microgels. As a consequence, the number of SAv biomarkers per microgel was smaller than in the examples described above. With the SAv-Bi-MG(Tm) samples prepared from the three Bi-MG(Tm) microgels described in Table S1 , we carried out binding assays with two types of biotin containing reagents: Bi-PAsp(Tb) 50 and Bi-NaHoF 4 . The experimental design is summarized in Scheme 2.
The first set of binding experiments were carried out with BiPAsp(Tb) 50 (for details, see Supporting Information and Figure  S9 ), where we treated aliquots of the SAv-coated microgels (100 μL, ca. 2.5 × 10 9 microgels, 6.2 × 10 5 biotin/microgel), with increasing amounts of Bi-PAsp(Tb) 50 solution (0.33 μmol/L: 10 μL; 20 μL; 40 μL; 80 μL). While the mass cytometry measurements showed strong Tm signals for the microgels, all samples showed very weak Tb signals, between 1 and 10 counts/microgel. With increasing amounts of added BiPAsp(Tb) 50 , we obtained stronger Tb signals from both SAvBi-MG(Tm) and BSA/MG(Tm) microgels. However, the difference in Tb intensity from the Bi-Asp(Tb) 50 treated SAvBi-MG(Tm) samples and BSA/MG(Tm) samples was very small, with a maximum signal-to-noise ratio of 1.2. Thus, we conclude that the number of SAvs on the surface of the biotinylated microgels was too small to be detected by mass cytometry with the current generation instrument using a metal chelating polymer as a reagent.
Then we tested the sensitivity of the Bi-NaHoF 4 NPs. Each of the three SAv-Bi-MG(Tm) microgel samples (100 μL, each containing ca. 2.5 × 10 9 microgels) was incubated with excess NPs (0.05 mg, 0.015 μmol). Excess NPs were removed from the sandwich assembly via three cycles of centrifugation and resuspension of the microgels, followed by analysis by mass cytometry. The data for these experiments and the corresponding control and blank measurements are presented in Figure 7 . The top row in Figure 7A displays isotopic Ho−Tm dot−dot plots for the distribution of 165 Ho and 169 Tm signals for the SAv-Bi-MG(Tm) samples. The units on the x-and y-axes of these plots are the measured intensities for the respective isotopes. In the second and the third rows, the data are replotted as histograms showing the relative abundance of microgels characterized by the isotope intensities displayed on the x-axes. For these SAv-Bi-MG(Tm)-Bi-NaHoF 4 assemblies, the signals for both 165 Ho and 169 Tm are strong. The Pearson correlation between the Tm and Ho signal intensities was ca. 0.60 from the three batches of samples. This value indicates that the Ho signals detected are strongly associated with the Tm signals of the microgels.
In parallel, we treated BSA-passivated biotin-free microgels (BSA/MG(Tm)) first with SAv and, after washing, with BiNaHoF 4 NPs. The corresponding mass cytometry data are shown in Figure 7B . The Tm signal is strong; however, the Ho signal is much weaker. The Pearson correlation between Tm and Ho signal intensities was r = 0.20, which indicates a weak linear correlation between the two ions in this negative control sample. As a blank, we examined the SAv-Bi-MG(Tm) itself in the absence of any intentionally added source of Ho. These data are shown in the three plots in Figure 7C . While the Tm signal was strong, the Ho signal was weak, with a very little correlation (r < 0.01) found between Tm and Ho signals.
The calculated numbers of metal ions per microgel are plotted as a bar graph in Figure 8 . For the SAv-Bi-MG(Tm)-BiNaHoF 4 complexes, we obtained (1.6 ± 0.6) × 10 6 Ho atoms per microgel for SAv-Bi-MG(Tm)-1, (3.1 ± 0.7) × 10 6 Ho atoms per microgel from SAv-Bi-MG(Tm)-2, and (6.0 ± 0.9) × 10 6 Ho atoms per microgel from SAv-Bi-MG(Tm)-3. In contrast, for the negative control (BSA/MG(Tm)), we obtained (2.9 ± 1.2) × 10 5 Ho atoms per cell. This signal level corresponds to a nonspecific binding signal of 5−18%. The SAv-Bi-MG(Tm) microgels that serve as a blank and show a background signal corresponding to (2.4 ± 4.9) × 10 4 Ho atoms per microgel (ca. 1% background contamination). Figure  8B (lower panel) shows that all the microgel hybrids exhibited a similar Tm intensity, 1.1 × 10 7 Tm atoms per microgel, with a typical CV of ca. 30%.
Dividing the Ho number per cell by the Ho number per nanoparticle (15 000) yields the average number of nanoparticles per cell. From the three different SAv-Bi-MG(Tm)-BiNaHoF 4 complexes, we obtained 107 ± 40, 205 ± 47, and 400 ± 60 NaHoF 4 nanoparticles per cell. For the negative control (BSA/MG(Tm), we found 19 ± 8 nanoparticles bound nonspecifically per cell. From the blank, we detected a background contamination level equivalent to 2 ± 3 nanoparticles per microgel.
With at least one of the SAv binding sites already attached to the cell surface, a maximum of three biotin binding sites are available for additional binding with nanoparticles. Since, however, we have no direct calibration of the number of NPs that can bind to each accessible SAv, it is problematic to convert numbers of NPs bound per microgel to absolute numbers of biomarkers. In the Supporting Information, we develop a geometric argument that suggests that if the microgel and the NPs were hard spheres with radii equal to their hydrodynamic radius, then for NPs with radii in the range 10.1 nm < r NP ≤ 13.0 nm, the maximum packing number would be 2 per SAv, and for larger NPs, the maximum packing number is 1 per SAv. This argument has two limitations. First, surface irregularities in the microgel may make some SAvs inaccessible to the NPs. Second, the NaHoF 4 NPs (with r h = 14 nm, see Figure S3 ) may deform in a way that allows more than one NP to bind to a SAv. Therefore, the most important conclusion of this work is that we can detect very small numbers on of NPs per microgel, as few as 100−500 nanoparticles bound to biomarkers per microgel, and the detection limit is determined more by nonspecific adsorption of NPs to the microgels than by the sensitivity of the mass cytometer measurement.
■ SUMMARY AND CONCLUSIONS
In this paper, we examined the sensitivity of different reagents for detecting and quantifying by mass cytometry the number of SAv, as a model biomarker, per microgel, as a model cell. In our system, the microgel was labeled with TmF 3 , so that the detection of 169 Tm ions served as the signature of a "cell" event.
The streptavidin biomarkers were then detected with biotinylated probes, from which we were able to quantify the number of probes bound per model cell. We used two approaches to attach SAv biomarkers to the microgel. Carboxyl activation chemistry to attach SAv covalently to the microgels led to a high SAv content. In contrast, covalent attachment of biotin, passivation with BSA, and subsequent treatment with SAv led to low SAv contents per microgel. Two types of biotinylated probes were used: a biotinylated MCP (Bi-PAsp(Tb) 50 , containing on average 50 Tb 3+ ions atoms per probe) and biotinylated NaHoF 4 NPs (BiNaHoF 4 , containing ca. 15 000 Ho atoms per probe). For microgels carrying high abundance of SAv biomarkers, the interaction of the metal-chelating polymer Bi-PAsp(Tb) 50 with the SAv-coated microgels was much stronger than the interaction with BSA-coated microgels, used as a negative control to account for nonspecific absorption. From this approach a biomarker level at ca. 10 4 per cell was detected by mass cytometry.
For microgels carrying low copy numbers of streptavidin biomarkers, the Bi-PAsp(Tb) 50 reagent gave a very low signal, not significantly different from that with the BSA-coated microgel sample. With current instrumentation, this type of MCP reagent does not generate sufficient signal to measure these low levels of biomarkers per cell.
In contrast, the biotinylated NaHoF 4 NPs (with 15 000 Ho atoms per NP) gave a mass cytometry signal about 2 orders of magnitude stronger, while maintaining a relatively low signal level from nonspecific absorption. In the sandwich assay described here, for the three SAv-Bi-MG(Tm) samples examined, we determined signal levels of ca. 400 ± 60, 200 ± 50, and 100 ± 40 NPs per microgel. While the background signal was very low, the sensitivity of the measurements was limited by nonspecific interaction of the NPs with the BSAcoated microgels, determined to be ca. 20 NPs per microgel. This proof of concept experiment demonstrates the enhanced sensitivity possible with NP reagents in cell-by-cell assays by mass cytometry.
Applying this knowledge to biological samples requires significant improvement in the surface coating of lanthanide nanoparticles, to optimize the type and number of surface functional groups for attachment to antibodies, to optimize purification of the NP-Ab conjugates, and to minimize nonspecific interaction with cells. This is an ongoing task in our laboratory and elsewhere.
■ EXPERIMENTAL SECTION Materials. The poly(NIPAm/VCL/MAA) copolymer microgel sample employed here is the same sample as that denoted V27 in ref 35 . The original sample at ca. 0.85 wt % solids was repurified by sedimentation−redispersion in deionized water, and its concentration in terms of total acid content was determined by titration. This sample was loaded with TmF 3 (denoted MG(Tm)) following the protocol described in ref 35 for EuF 3 -loaded microgels. After ion exchange or chemical modification, all microgel samples were purified by three cycles of sedimentation by centrifugation (5000 rpm, 40 min, 23°C) and redispersion in DI water and finally redispersed in PBS buffer and stored at 4°C prior to use.
The details of the modification of the microgels by covalent attachment of SAv, BSA, or biotin are described in the Supporting Information.
The biotin end-capped metal chelating polymer probe (BiPAsp(Tb) 50 ) labeled with Tb 3+ ions was synthesized following a protocol that we described previously. 41 Details are provided in the Supporting Information. The synthesis and characterization of biotinylated NaHoF 4 nanoparticles are also described in the Supporting Information.
Streptavidin−Biotin Coupling Assays Employing Bi-PAsp-(Tb) 50 . Samples. Four aliquots of SAv-MG(Tm) solution (100 μL, containing ca. 2.5 × 10 9 microgels) were incubated with different amounts of a Bi-PAsp(Tb) 50 solution (3.3 μmol/L: 20 μL, 40 μL, 60 μL, 80 μL) for 30 min at room temperature. Then the solutions were purified from excessive polymer by three cycles of centrifugation at 5000 rpm for 40 min at RT followed by redispersion in DI water (1 mL). The concentration of the microgel solution was adjusted to ca. 10 6 microgels per mL with DI water for analysis by mass cytometry. Negative Control. Four aliquots of BSA-MG(Tm) solution (100 μL, containing ca. 2.5 × 10 9 microgels) were incubated with different amounts of a Bi-PAsp(Tb) 50 solution (3.3 μmol/L: NC1, 20 μL; NC2, 40 μL; NC3, 60 μL; NC4, 80 μL) and stirred at room temperature for 30 min. Then the solutions were purified as described above by three cycles of centrifugation−redispersion with DI water (1 mL) and then diluted to 10 6 microgels per mL with DI water for analysis by mass cytometry. Blank Control. A solution of streptavidin-coated microgel (SAv-MG(Tm), 100 μL, containing ca. 2.5 × 10 9 microgels) was directly diluted to 10 6 microgels per mL with DI water for analysis by mass cytometry.
Biotin−Streptavidin−Biotin Sandwich Assays. Sample + BiPAsp(Tb) 50 . Four aliquots of a solution of SAv-Bi-MG(Tm)-3 (100 μL, containing ca. 2.5 × 10 9 microgels) were stirred for 30 min at room temperature with 6-aminocaproic acid (6-ACA, 0.03 μmol in 3 μL), then incubated with different amounts of a Bi-PAsp(Tb) 50 solution (0.33 μmol/L: 10 μL; 20 μL, 40 μL, 80 μL), and stirred at room temperature for 30 min. Then the solutions were purified as described above by centrifugation−redispersion in DI water (1 mL) and then diluted to 10 6 microgels per mL with DI water for analysis by mass cytometry.
Sample + Bi-NaHoF 4 . A solution of each of the three SAv-Bi-MG(Tm) microgels (100 μL, containing ca. 2.5 × 10 9 microgels) was stirred with Bi-NaHoF 4 NPs solution in DI water (5 mg/mL, 10 μL, 0.015 μmol) for 30 min at room temperature. The solutions were purified by centrifugation−redispersion in 1 mL of DI water and then diluted to 10 6 microgels per mL with DI water for analysis by mass cytometry.
Negative Control + Bi-PAsp(Tb) 50 . Four aliquots of a solution of microgels with a surface passivated with adsorbed BSA (BSA/ MG(Tm), 100 μL, containing ca. 2.5 × 10 9 microgels) were stirred with 6-aminocaproic acid (6-ACA, 0.03 μmol in 3 μL) for 30 min at room temperature and then incubated with SAv solution (500 nmol/L, 10 μL, 0.005 nmol) for 30 min. After that, different amounts of a BiPAsp(Tb) 50 solution (0.33 μmol/L: NC1, 10 μL; NC2, 20 μL; NC3, 40 μL; NC4, 80 μL) were added followed by with stirring for 30 min at room temperature. Then the solutions were purified as described above by three cycles of centrifugation−redispersion in DI water (1 mL) and then diluted to 10 6 microgels per mL with DI water for analysis by mass cytometry.
Negative Control + Bi-NaHoF 4 . A solution of SAv (500 nmol/L, 10 μL, 0.005 nmol) was added to a solution of microgels with a surface passivated with adsorbed BSA (BSA/MG(Tm), 100 μL, containing ca. 2.5 × 10 9 microgels) and stirred for 30 min. Then a solution of BiNaHoF 4 in DI water (5 mg/mL, 10 μL, 0.015 μmol) was added, and stirring was continued for 30 min at room temperature. The solution was purified by three sedimentation/redispersion cycles as described above to remove excess NaHoF 4 nanoparticles, which did not sediment under these conditions. In the final step, the microgels were redispersed in DI water (1 mL). Before analysis, the microgel solution was diluted with DI water to ca. 10 6 microgels per mL. Blank Control. A solution of SAv-Bi-MG(Tm) (100 μL, containing ca. 2.5 × 10 9 microgels) was diluted to ca. 10 6 microgels per mL with DI water before characterization.
Instrumentation. Mass Cytometry. Mass cytometry experiments were carried out using a model C2 instrument (CyTOF) from DVS Sciences (Markham, ON, Canada). 3 Samples were examined at a rate of ca. 1000 microgels/s. Ion signals were collected by dual-counting, the combination of digital counting and analogue modes of ion detection, which allows a much wider range of ion signal (simultaneous detection of very small and very large signals). The data were collected in FCS 3.0 format and were processed by FlowJo software.
The average number of metal ions per microgel, N, can be calculated from the mean intensity values measured by the TOF detector, I, through the expression N = I/T, where T is the transmission coefficient and corresponds to the number of ions that reach the detector per number of ions injected. T values were determined on a daily basis using a standard solution that contained different lanthanide ions that cover the lanthanide series mass range (La, Tb, and Tm at 0.5 ppb w/w). Using the mass response (number of counts from the mass cytometry detector) to the known concentration of the ions, values of T were calculated for each ion in the standard solution.
■ ASSOCIATED CONTENT * S Supporting Information Additional information including experimental details for synthesis and characterization of the microgels, the metal chelating polymer and the NaHoF 4 nanoparticles; pH and conductometric titration of microgels; mass cytometry screen captures from SAv-Bi-MG(Tm)/Bi-NaHoF 4 NPs sandwich bioassays; estimation of the number of Bi-NaHoF 4 NP per streptavidin on SAv-Bi-MG(Tm) microgels; quantification of biotinylation reaction by UV−vis spectrometry; hydrodynamic radius of microgel samples determined from multiangular dynamic light scattering; estimation of average mesh size of the microgels; estimation of the number of Ho atoms per BiNaHoF 4 NP, apparent zeta potential and electrophoretic mobility for microgel samples in SAv-biotin coupling assays; Tb−Tm dot−dot plots, Tb and Tm histograms, and graphs for Tb and Tm content per microgel determined by mass cytometry for Bi-SAv-Bi sandwich assays with Bi-PAsp(Tb) 50 as the detecting reagent; geometric analysis of NP binding to SAv on the surface of a microgel. This material is available free of charge via the Internet at http://pubs.acs.org. 
